HDL and its associated apo, APOE, inhibit S-phase entry of murine aortic smooth muscle cells. We report here that the antimitogenic effect of APOE maps to the N-terminal receptorbinding domain, that APOE and its N-terminal domain inhibit activation of the cyclin A promoter, and that these effects involve both pocket protein-dependent and independent pathways. These antimitogenic effects closely resemble those seen in response to activation of the prostacyclin receptor IP. Indeed, we found that HDL and APOE suppress aortic smooth muscle cell cycle progression by stimulating Cox-2 expression, leading to prostacyclin synthesis and an IP-dependent inhibition of the cyclin A gene. Similar results were detected in human aortic smooth muscle cells and in vivo using mice overexpressing APOE. Our results identify the Cox-2 gene as a target of APOE signaling, link HDL and APOE to IP action, and describe a potential new basis for the cardioprotective effect of HDL and APOE.
Introduction
APOE is a 34-kDa protein associated with triglyceriderich lipoproteins and HDL. It plays an important role in preventing atherosclerotic disease and is a major determinant of susceptibility to human coronary artery disease (1) . APOE is composed of an N-terminal domain that contains a LDL receptor-binding region and a C-terminal domain that possesses a lipid-binding region. Many studies have indicated that APOE inhibits atherosclerosis in part by reducing plasma cholesterol through hepatic clearance of remnant lipoproteins and cholesterol-rich HDL (1) . Recent reports have suggested, however, that APOE may also protect against atherosclerosis by mechanisms independent of its ability to modulate plasma lipid levels (1) (2) (3) (4) (5) , and some of these studies show that APOE inhibits smooth muscle proliferation and G1-phase cycle progression (4, 5) . Zhu et al. have demonstrated that APOE inhibits medial smooth muscle cell (SMC) proliferation after vascular injury in vivo (6) .
G1-phase cell-cycle progression is regulated by a sequential activation of G1-phase cyclin and cyclindependent kinase (cdk) complexes, namely cyclin D1-cdk4 and cyclin E-cdk2. Active cyclin D1-cdk4/6 and cyclin E-cdk2 complexes regulate G1-phase progression in part by phosphorylating the retinoblastoma protein (pRb) and the related pocket proteins p107 and p130 (7) . Phosphorylation of the pocket proteins by G1-phase cyclin-cdk complexes leads to the transcription of E2Fresponsive genes, such as cyclin A. E2F4-p107 transcriptionally represses the cyclin A gene in early G1-phase, and E2F1-3 transcriptionally activates the gene at G1/S (8) . Other studies, however, show that E2F-pocket protein-independent mechanisms are also required for efficient induction of cyclin A transcription; for example the cAMP-response element (CRE) is necessary for the efficient induction of the cyclin A gene (9, 10) . Ultimately, the expression of cyclin A and the consequent formation of cyclin A-cdk2 complexes marks entry into S-phase of the cell cycle.
Proliferation of aortic SMCs plays a clear role in restenosis, and many studies indicate that it also plays a role in vascular remodeling and atherosclerosis. Likely regulators of SMC proliferation in vivo include TGF-β, prostacyclin, and NO, all of which are released from endothelial cells and are thought to have an antimitogenic effect on the neighboring SMCs in the normal ves-HDL and its associated apo, APOE, inhibit S-phase entry of murine aortic smooth muscle cells. We report here that the antimitogenic effect of APOE maps to the N-terminal receptor-binding domain, that APOE and its N-terminal domain inhibit activation of the cyclin A promoter, and that these effects involve both pocket protein-dependent and independent pathways. These antimitogenic effects closely resemble those seen in response to activation of the prostacyclin receptor IP. Indeed, we found that HDL and APOE suppress aortic smooth muscle cell cycle progression by stimulating Cox-2 expression, leading to prostacyclin synthesis and an IP-dependent inhibition of the cyclin A gene. Similar results were detected in human aortic smooth muscle cells and in vivo using mice overexpressing APOE. Our results identify the Cox-2 gene as a target of APOE signaling, link HDL and APOE to IP action, and describe a potential new basis for the cardioprotective effect of HDL and APOE.
sel (11, 12) . We have recently studied the cell-cycle effects of prostacyclin in early-passage murine aortic SMCs and found that it inhibits progression into S-phase by blocking both the phosphorylation of pocket proteins and the binding of cAMP response element-binding protein (CREB)/phosphoCREB to the cyclin A promoter (13) . As expected, these effects were mediated by IP, the prostacyclin receptor. Furthermore, IP deletion in mice results in an increased proliferative response to injury (14) .
In this study, we have investigated the mechanism by which HDL and APOE inhibit the proliferation of aortic SMCs. We show that both HDL and APOE block S-phase entry and cyclin A gene expression and that the resulting G1-phase arrest closely resembles that observed upon IP activation. We also show that HDL and APOE induce Cox-2 gene expression, that the inhibitory effects of APOE on S-phase entry are reversed by a Cox-2-specific inhibitor, and that IP is required for the antimitogenic effect of APOE. Thus, the antimitogenic effects of HDL and APOE are mediated by the induction of Cox-2 and a Cox-2-dependent synthesis of prostacyclin. Overall, these results provide a new basis for thinking about the cardioprotective effects of HDL and APOE.
Methods
Cell culture. Primary murine aortic SMCs were isolated from WT C57BL/6 or IP-null mice, maintained as described (15) , and used between passage 2 and 5. Purity of the SMC population was confirmed by the expression of α-smooth muscle actin as detected by immunofluorescence (not shown). Near-confluent monolayers of early-passage murine aortic SMCs or rat A10 SMCs (American Type Culture Collection, Manassas, Virginia, USA) were G0 synchronized by 2-day incubation in serum-free defined medium (13) . The quiescent cells were stimulated with 10% FBS in the absence or presence of LDL, HDL, APOE-depleted HDL, lipid-free human APOA-I, lipid-free human APOE3 (the major isoform of human APOE; hereafter called APOE), the N-terminal domain of APOE (APOE22), or the C-terminal domain of APOE (APOE10). APOE-depleted HDL was prepared by passing HDL over a heparin-Sepharose column (16) . The recombinant APOA-I, APOE, APOE22, and APOE10 were expressed and purified as previously described (16, 17) . Human aortic SMCs (Cambrex Bio Science Walkersville Inc., Walkersville, Maryland, USA) and aortic endothelial cells (a generous gift of Elliot Levine, The Wistar Institute, Philadelphia, Pennsylvania, USA) were maintained as described (18, 19) .
Immunofluorescence. Murine aortic SMCs were grown to 80-90% confluence in 35-mm dishes containing autoclaved glass coverslips, were serum starved, and were stimulated with 10% FBS in the absence or presence of lipoproteins or apo's as outlined above. Fixed cells were analyzed by immunofluorescence for incorporation of BrdU or expression of cyclin A as described (13) . The percentage of BrdU-positive cells was assessed by counting the number of FITC-stained cells relative to DAPI-stained nuclei using epifluorescence microscopy (100-200 cells were counted from several fields of view).
Immunoblotting. Aortic SMCs or A10 SMCs were lysed as described (20) , and total protein concentration was determined by Coomassie binding (Bio-Rad Laboratories Inc., Hercules, California, USA). Equal amounts of protein (50 µg) were fractionated and analyzed by immunoblotting as described previously (20) using Ab's specific for the following proteins: phospho-CREB (05-667), CREB (06-863) (both from Upstate Biotechnology Inc., Lake Placid, New York, USA); pRb (28-0007) (Zymed Laboratories Inc., South San Francisco, California, USA); cyclin D1 (sc-8396), cyclin E (sc-481), p107 (sc-318), ATF-1 (sc-243), actin (sc-8432), and cdk4 (sc-260) (all from Santa Cruz Biotechnology Inc., Santa Cruz, California, USA); and Cox-2 (BD Biosciences, San Jose, California, USA). Rabbit polyclonal cyclin A Ab was prepared in this laboratory using recombinant cyclin A as an immunogen.
Cell transfections and promoter analyses. Near-confluent (80-90%) murine aortic SMCs in 35-mm dishes were transiently transfected with +CRE and -CRE cyclin A pro- moter-luciferase vectors (13) using 5 µl of Lipofectamine (Invitrogen, Carlsbad, California, USA), 5 µl Lipofectamine Plus reagent (Invitrogen), 1 µg cyclin A promoterluciferase plasmid(s), and either 1 µg of a human papilloma virus type-18 E7 expression vector or 1 µg of empty vector. The transfections also included 0.1 µg of a Renillaluciferase expression plasmid (pRL-CMV; Promega Corp., Madison, Wisconsin, USA) to control for transfection efficiency. Transfection efficiency obtained in these cells was 25-30% as determined by transient transfection of an eGFP expression vector. After an overnight recovery, the cells were serum starved for 24 hours and directly stimulated with 10% FBS for 18 hours in the presence of 2 µM APOE, APOA-I, APOE22, or APOE10, or 10 ng/ml TGF-β1. Cyclin A promoter-driven luciferase activity was determined and normalized to Renilla-luciferase (13) .
Transient transfections of murine aortic SMCs with a minimal E2F-CAT expression vector (21) used 1 µg of the E2F-CAT plasmid and either 1 µg of the human papilloma virus type 18 E7 expression vector or 1 µg of empty vector. Cells were washed with PBS and collected. CAT levels were measured from duplicate samples using an enzyme immunoassay kit (Roche Applied Science, Indianapolis, Indiana, USA).
The cyclin A expression vector was created by subcloning the 1.5-kb EcoR1-XhoI fragment of human cyclin A cDNA into pCMV-Tag 5A (Stratagene, La Jolla, California, USA). Murine aortic SMCs were grown to 80-90% confluence in 35-mm dishes containing autoclaved glass coverslips. The cells were transiently cotransfected with 0.1 µg eGFP expression vector and 1 µg pCMV-Tag 5A or 1 µg cyclin A expression vector. After an overnight recovery, the cells were serum starved for 24 hours and then directly stimulated with 10% FBS for 24 hours in the presence of 2 µM APOE or 2 µM APOA-I. S-phase entry of the transfected (eGFP-positive) cells was determined by BrdU incorporation.
Figure 2
Inhibition of cyclin A gene expression by APOE. (a) Cyclin A promoter activity in early-passage aortic SMCs was determined as described in Methods. Results show mean ± SEM, n = 3, *P < 0.001 as compared with cells stimulated with 10% FBS. C, control. (b) Quiescent SMCs were incubated for 48 hours with 10% FBS in the absence or presence of 2 µM APOA-I or APOE prior to analysis of cyclin A expression by immunofluorescence microscopy. DAPI staining shows cell nuclei. (c) Quiescent murine aortic SMCs treated with 10% FBS in the absence or presence of 2 µM APOE were collected, lysed, and analyzed by immunoblotting using Ab's to cyclin D1, cyclin E, cyclin A, and cdk4 (loading control). (d) Aortic SMCs were transiently cotransfected with an eGFP expression vector and either a control (vector) or cyclin A expression vector. The effect of cyclin A expression on S-phase entry was determined in the absence or presence of 2 µM APOE or 2 µM APOA-I as described in Methods. Results show mean ± SEM, n = 2, *P < 0.001 as compared with cells stimulated with 10% FBS (vector). (e) A10 SMCs were treated as in c, collected at 20 hours, lysed, and analyzed by immunoblotting for cyclin A and actin (loading control). Cell lysates were incubated with anticyclin A, and the immunoprecipitates were used to assess in vitro kinase activity or analyzed by immunoblotting for associated cdk2.
For electrophoretic mobility shift assays (EMSAs) and super-shift assays, murine aortic SMCs were brought to 80-90% confluence in 150-mm dishes, serum starved, and directly stimulated for 18 hours with 10% FBS in the absence or presence of APOA-I or APOE. Nuclear lysates were prepared and incubated with labeled oligonucleotides corresponding to the CRE and CCAAT site as described (13) .
In vitro kinase assays. A10 SMCs were grown to 80-90% confluence in 150-mm dishes, serum starved, and stimulated with 10% FCS in the absence or presence of 2 µM APOE as outlined above. Cells were washed once with PBS and lysed as described (22) . Extracts from collected cells were incubated with anti-cyclin E (4 µg/300 µg lysate) or an ammonium sulfate fraction of anti-cyclin A (40 µg/100 µg lysate). Collected immunoprecipitates were divided into two equal fractions and used to measure kinase activity toward histone H1 or complex formation with cdk2 as described (13) .
The 6-keto-prostaglandin F 1α enzyme immunoassay. Quiescent WT and IP-null SMCs were brought to 80-90% confluence in 100-mm dishes, serum starved, and directly stimulated with 10% FBS in the absence or presence of 2 µM APOE. Conditioned media (100 µl) were collected from the cells after 24 or 48 hours. The conditioned media were then assayed for 6-ketoprostaglandin F 1α (6-keto-PGF 1α ) using an enzyme immunoassay kit (Cayman Chemical, Ann Arbor, Michigan, USA).
Analysis of Cox-2 mRNA and protein. The effects of lipoproteins and apo's on Cox-2 mRNA and protein were determined by PCR and immunoblotting, respectively. Murine aortic SMCs were grown to 80-90% confluence in 150-mm dishes, serum starved for 48 hours in defined medium (see above), and directly stimulated with 10% FBS for 18 hours. Total RNA was isolated from cells lysed in Trizol reagent (Invitrogen), and 2 µg from each sample was used for cDNA synthesis using the Superscript II preamplification system (Invitrogen). An aliquot (10%) of cDNA was then subjected to 35 cycles of PCR using Taq DNA polymerase, melting at 94°C, annealing at 55°C (1 minute), and extending at 72°C (1 minute). The primers were specific for mouse Cox-1, Cox-2, and GAPDH (23) or human Cox-1 (sense: 5′-CTGGTGGATGCCTTCTCTCGCC-3′; antisense: 5′-GTCTTGGTGTTGAGGCAGACCAG-3′), Cox-2 (sense: 5′-CAGCAAATCCTTGCTGTTCC-3′; antisense: 5′-GAGA-AGGCTTCCCAGCTTT-3′). The amplified products were analyzed by agarose gel electrophoresis and ethidium bromide staining, and changes in abundance were quantified using NIH Image 1.63 software. Lysates of aortic SMCs were also analyzed by immunoblotting for Cox-2 protein as described above.
In vivo stimulation of Cox-2 mRNA by APOE expression. To express APOE in vivo, a second-generation recombinant adenovirus encoding the human APOE3 cDNA (AdAPOE3) was used as previously described (24) . A total of 12, 6-to 8-week-old, female, WT C57BL/6 mice (four per group) were injected in the tail vein with 10 11 particles of either AdAPOE3, a second-
Figure 3
Pocket protein-dependent effects of APOE on cyclin A gene transcription. (a) Cyclin A promoter activity in early-passage aortic SMCs was determined as described in Methods. Promoter activity is plotted as fold stimulation relative to the FBS-treated cells in the absence of E7. Results show the mean ± SEM, n = 3, *P < 0.001 as compared with transfected cells stimulated with FBS alone. (b) Early-passage aortic SMCs were transiently cotransfected with the E2F-CAT plasmid and either the E7 expression vector (+E7) or empty vector (-E7). After serum starvation, the quiescent transfectants were directly stimulated with 10% FBS for 18 hours in the absence (control) or presence of 2 µM APOE. CAT enzyme levels were measured as described in Methods. Results show the mean ± SEM, n = 2, *P < 0.001 as compared with transfected cells stimulated with FBS alone (control; -E7). (c) Quiescent mouse aortic SMCs were serum stimulated in the absence or presence of 2 µM APOE for 18 hours. Collected cells were lysed and analyzed by immunoblotting for pRb, p107, and cdk4. The hypophosphorylated and hyperphosphorylated forms of pRb and p107 are shown by lower and upper arrows, respectively. (d) Quiescent A10 SMCs were serum stimulated in the absence or presence of 2 µM APOE for 15 hours, collected, lysed, and analyzed by immunoblotting for cyclin E. Cell lysates were incubated with anti-cyclin E, and the immunoprecipitates were used to assess in vitro kinase activity or were analyzed by immunoblotting for associated cdk2.
generation AdAPOA-I virus, or control virus (Adnull). Mice were sacrificed 3 days after injection and perfused with ice-cold PBS, and the entire aorta was harvested. Our previous studies showed that the adenovirus-expressed proteins accumulated within the vessel wall (25) . Aortae were dissected, and extraneous tissue from the adventitial side was carefully removed. The tissue was then immediately submerged into RNAlater (QIAGEN Inc., Valencia, California, USA) and manually homogenized. The homogenate was treated with proteinase K (55°C, 10 minutes; QIAGEN Inc.) and clarified by centrifugation (30 minutes, 10,000 g, 20-25°C). The supernatant was mixed with 0.5× volume of ethanol and purified on an RNeasy mini column (QIAGEN Inc.). Total RNA (2 µg) was reverse transcribed using the Superscript II preamplification system. An aliquot (40%) of the cDNA was analyzed by PCR as outlined above. Procedures involving mice were approved by the University of Pennsylvania and Wistar Institutional Animal Care and Use Committees.
Results
HDL and APOE inhibit S-phase entry in aortic SMCs. We initially compared the effects of HDL and LDL on S-phase entry of early-passage aortic SMCs. Aortic SMCs were serum starved and stimulated with serum at subconfluence in the presence of BrdU; these cells showed a timedependent increase into S-phase during 48 hours of serum stimulation. LDL had a negligible effect on the kinetics of S-phase entry, but HDL inhibited S-phase entry more than 50% (Figure 1a) . Moreover, the antimitogenic effect of HDL was lost when APOE was depleted from the lipoprotein (Figure 1a ). The effect of HDL was dose dependent, with an IC 50 of approximately 20 µg/ml (Figure 1b ). Purified recombinant APOE also inhibited S-phase entry in a dose-dependent manner while purified recombinant APOA-I had no effect (Figure 1c ). We produced the 22-kDa N-terminal and 10-kDa C-terminal domains of APOE as recombinant proteins and found that the antimitogenic activity of APOE was largely contained within the N-terminal receptor-binding domain (Figure 1c ; compare APOE10 versus APOE22). 
APOE inhibits cyclin A gene expression via pocket proteindependent and independent pathways. Since the induction of cyclin A regulates entry of cells into S-phase, the effect of APOE on cyclin A expression and promoter activity was
examined in early-passage aortic SMCs. We compared the effects of APOE and APOA-I on aortic SMCs transiently transfected with a cyclin A promoter-luciferase reporter expression vector. Initial studies showed that the cyclin A promoter was optimally induced approximately 18 hours after serum stimulation of quiescent SMCs (data not shown). APOA-I (2 µM) minimally (<10%) affected activation of the cyclin A promoter, whereas APOE showed a dose-dependent inhibition that reached greater than 70% (Figure 2a ). Cyclin A was expressed in 85% of nuclei after aortic SMCs were stimulated with serum or serum with APOA-I (Figure 2b) . Cyclin A was expressed in only 35% of nuclei in the cells treated with serum and APOE (Figure 2b) , however. A time-course analysis showed that cyclin A expression was induced in aortic SMCs by 24 hours of serum stimulation and that the induction was inhibited by APOE ( Figure 2c ). Cyclin D1 and cyclin E were not affected by APOE (Figure 2c ). Moreover, ectopic expression of cyclin A in mouse SMCs rescued S-phase entry in the presence of APOE (Figure 2d ). APOE also inhibited S-phase entry (not shown), cyclin A expression, and cyclin A-associated kinase activity in the rat A10 SMC line (Figure 2e ).
We cotransfected murine aortic SMCs with a cyclin A promoter-luciferase reporter construct and a human papilloma virus type 18 E7 expression vector to study the effect of APOE on pocket protein-dependent cyclin A promoter activity. E7 sequesters pocket proteins (26) and mimics cdk-mediated phosphorylation, resulting in transcription of genes such as cyclin A. The transfected cells were serum starved and then serum stimulated for 18 hours in the presence of APOA-I, APOE, or the isolated APOE22 (N terminal) and APOE10 (C terminal) domains. Cells were also treated with TGF-β, an antimitogen that acts largely by inhibiting pocket protein phosphorylation (27) . As shown in Figure 3a , E7 caused cyclin A promoter activity to increase more than fourfold in cells treated with serum, APOA-I, the C-terminal domain of APOE, or TGF-β, presumably due to complete pocket protein sequestration and release of E2F. Although E7 also stimulated cyclin A promoter activity in the cells treated with APOE or its N-terminal domain (APOE22), the effect was small relative to that seen with the other treatments. Since APOE and its N-terminal domain inhibit the cyclin A promoter despite pocket protein sequestration by E7, they either (a) inhibit the promoter via a pocket protein-independent pathway or (b) have pocket protein-independent as well as -dependent effects on the cyclin A promoter. Similar results were obtained using APOE or the N-terminal domain with the A10 SMC line (not shown).
We cotransfected murine aortic SMCs with a minimal E2F-CAT promoter-reporter construct and the E7 expression vector to determine if the effect of APOE on cyclin A promoter activity involves an E2F/pocket protein-dependent pathway. The transfected cells were serum starved and then stimulated with serum for 18 hours in the presence or absence of APOE. APOE inhibited E2F activity (Figure 3b ; -E7), and the inhibition of E2F activity was fully overcome by the expression of E7 (Figure 3b; +E7) . Thus, APOE may inhibit E2F-dependent genes in general. Moreover, APOE blocked the hyperphosphorylation of pRb and p107 in both murine aortic SMCs (Figure 3c ) and the A10 SMC line (not shown). This effect was associated with the inhibition of cyclin E-cdk2 activity (Figure 3d ), but the exact mechanism is
Figure 5
The antimitogenic effect of APOE requires Cox-2. Murine aortic SMCs were serum starved and treated with 10% FBS in the absence (control) or presence of 2 µM APOE. Cells were also treated with 0.1-1 µM nimesulide or 0.01-5 mM SC560. All the cells were incubated for 48 hours in the presence of BrdU. (a) The conditioned media was collected and assayed for 6-keto-PGF 1α . Results show mean ± SEM, n = 2, *P < 0.005 as compared with cells treated with 10% FBS (control) and 2 µM APOE. (b) BrdU incorporation into nuclei was determined by immunofluorescence microscopy. Results show mean ± SEM, n = 2, *P < 0.005 as compared with cells treated with 10% FBS (control). (c) Quiescent murine aortic SMCs were treated with 10% FBS for 24 hours in the absence (control) or presence of APOE and 0.5 µM nimesulide. Cells were collected, lysed, and analyzed by immunoblotting for cyclin A and cdk4 (loading control). not yet clear since APOE did not alter the levels of cyclin D1, cyclin E, cdk2, cdk4, p21 cip1 , or p27 kip1 (Figure 3 , c-d, and data not shown). Interestingly, this is the same phenotype we saw when examining the antimitogenic effect of prostacyclin (ref. 13 
and see below).
APOE inhibits CRE-dependent cyclin A gene expression. Since the results described in Figure 3 , b-d, indicate that APOE should inhibit E2F/pocket protein-dependent transcription, the absence of strong cyclin A promoter activity in APOE-treated cells expressing E7 (Figure 3a) was likely due to additional, pocket protein-independent effects of APOE on the cyclin A promoter. Indeed, EMSAs showed that while APOE did not alter occupancy of the cyclin A promoter CCAAT site, it strongly decreased occupancy of its CRE site (Figure 4a ). In contrast, APOA-I affected neither site (Figure 4a ). Supershift EMSAs showed that CREB and a small amount of ATF-1 were bound to the CRE, but other potential CRE-binding proteins, such as ATF-2, c-fos, and c-jun, were not detected (Figure 4b ). Note that a pan-CREB family Ab fully shifted the CRE complex ( Figure 4b ) and that CREM (which comprises the CREB family along with CREB and ATF-1) is not expressed in aortic SMCs (28) . These results indicate that CREB, ATF-1, and their phosphorylated counterparts can fully account for the CRE-binding activity of the SMC lysate. Overall, these results suggested that APOE-dependent inhibition of CRE occupancy and CREB/ATF-1 phosphorylation could account for the pocket protein-independent effect of APOE on cyclin A gene expression. Indeed, we found that APOE also inhibits serum-induced phosphorylation of CREB and ATF-1 throughout the G1-phase (Figure 4c) .
To assess the composite effects of APOE on CRE-and pocket protein-dependent cyclin A gene expression, we transiently cotransfected early-passage aortic SMCs with the E7 expression vector and cyclin A promoter-luciferase reporter constructs containing (+CRE) or lacking (-CRE) the CRE element (Figure 4d ). The transfectants were serum starved and then stimulated with serum in the absence or presence of APOE. In the absence of E7, APOE inhibited luciferase activity whether or not the CRE was present in the cyclin A promoter. In the presence of E7, however, APOE inhibited luciferase activity only when the promoter contained the CRE. These results demonstrate that the combined effects of APOE on E2F/pocket protein-and CRE-dependent transcription can fully account for its inhibitory effect on the cyclin A promoter.
The antimitogenic effect of APOE is mediated by a Cox-2dependent activation of IP. The effects of APOE on cyclin E-cdk2 activity and cyclin A gene expression closely resembled those we observed when studying the antimitogenic effect of IP activation in aortic SMCs (13) . Moreover, HDL has been reported to induce Cox-2, and Cox-2 expression can lead to prostacyclin synthesis and activation of IP (29) . Consistent with this report, we found that the Cox-2 selective inhibitor, nimesulide, strongly inhibited prostacyclin biosynthesis (measured as 6-keto-PGF 1α , a stable metabolite of prostacyclin) induced by APOE, while a selective Cox-1 inhibitor, SC560, had a much weaker effect (Figure 5a ). We therefore reasoned that the antimitogenic effects of HDL and APOE might result from stimulation of Cox-2 gene expression, synthesis of prostacyclin, and activation of IP. Indeed, we found that a nonselective Cox inhibitor (indomethacin; data not Inhibition of S-phase entry by APOE is dependent on Cox-2 and IP. (a and b) Aortic SMCs isolated from WT (black bars) and IP-null (white bars) mice were cultured, serum starved for 48 hours, and treated with 10% FBS in the absence (control) or presence of HDL (50 µg/ml), LDL (50 µg/ml), APOE (2 µM),or APOA-I (2 µM). Cells were also treated with 0.1-1 µM nimesulide or 200 nM cicaprost, a prostacyclin mimetic (13) . All the cells were incubated for 48 hours in the presence of BrdU. BrdU incorporation into nuclei was determined by immunofluorescence microscopy. Results show the mean ± SEM, n = 3, *P < 0.001 as compared with cells treated with 10% FBS (control). (c) Aortic SMCs from WT and IP-null mice were serum starved and treated with 10% FBS for 24 hours in the absence (control) or presence of 2 µM APOE. Conditioned media was then collected and assayed for 6-keto-PGF 1α , while the cell lysates were analyzed by immunoblotting using anti-cyclin A, anti-Cox-2, and anti-cdk4 (loading control). The bar graph in c shows mean ± SEM, n = 2, *P < 0.001 as compared with cells treated with 10% FBS (control).
shown) and nimesulide (Figure 5b ) completely reversed the antimitogenic effect of APOE in murine aortic SMCs whereas the effect of SC560 was relatively small ( Figure  5b ). Nimesulide also restored the expression of cyclin A in APOE-treated murine aortic SMCs (Figure 5c ). Moreover, we found that nimesulide blocked the antimitogenic effect of HDL (Figure 6a ; black bars) in early-passage aortic SMCs. This effect was specific since S-phase entry in response to serum, LDL, or APOA-I was unaffected by nimesulide ( Figure 6, a and b, black bars) . Finally, nimesulide did not reverse the antimitogenic effect of cicaprost (a prostacyclin mimetic), which activates IP downstream of Cox-2 (Figure 6b, black bars) .
The experiments in Figure 6 , a and b, were also performed with early-passage aortic SMCs isolated from IPnull mice to directly implicate IP in the antimitogenic effect of APOE. Neither HDL nor APOE were antimitogenic in IP-null SMCs (Figures 6, a and b ; white bars). Moreover, while APOE had similar stimulatory effects on Cox-2 expression and prostacyclin biosynthesis (Figure 6c ) in IP +/+ and IP -/-SMCs, it failed to inhibit cyclin A expression in the IP-null cells (Figure 6c ). Taken together, the results indicate that an APOE-dependent induction of Cox-2 leads to increased prostacyclin synthesis, IP activation, and the pocket protein-dependent and -independent antimitogenic effects outlined above.
We directly examined the effect of HDL, LDL, APOE, and APOA-I on Cox-1 and Cox-2 expression in SMCs. RT-PCR ( Figure 7a ) of RNA isolated from early-passage murine SMCs showed that both HDL and APOE induced Cox-2 mRNA (3.5-fold) over control, while LDL and APOA-I had no effect. None of these treatments affected Cox-1 mRNA (Figure 7a ). Immunoblotting of total cell lysates showed that APOE, but not APOA-I, also increased the expression of Cox-2 protein in murine SMCs (Figure 7b ). Importantly, the effects of APOE that we observed in cultured murine SMCs are also detected in cultured human SMCs: APOE induced Cox-2 mRNA and protein (Figure 7 , c and d, respectively) while the effect of APOA-I was either not detectable ( Figure 7c ) or quite small (Figure 7d ). The increase in Cox-2 expression is cell-type specific since APOE did not alter Cox-2 levels in cultured human aortic endothelial cells (Figure 7d ). This cell type-specific response to APOE allowed us to explore the potential effect of APOE on vascular Cox-2 mRNA levels in vivo by harvesting aortae from mice overexpressing APOE or APOA-I. APOE specifically increased Cox-2 mRNA levels in freshly isolated aortae (Figure 7e ). Thus, the stimulatory effect of APOE on Cox-2 gene expression occurs both in cell culture and in vivo.
Discussion
The results described above demonstrate that APOE mediates the antimitogenic effect of HDL on inhibition of S-phase entry and that the molecular effects of APOE on CREB, the G1-phase cyclin-cdk's, and CRE-and E2F-dependent cyclin A gene expression are essentially indistinguishable from those seen upon activation of IP. We also show that (a) specific inhibition of Cox-2 blocks the antimitogenic effects of HDL and APOE, (b) both HDL and APOE induce Cox-2 gene expression, and (c) IP is required for the antimitogenic effects of HDL and APOE. Taken together, these data indicate that APOE mediates the antimitogenic effects of HDL by the induction of Cox-2, prostacyclin-dependent activation of IP, and consequent inhibition of CRE-and pocket proteindependent cyclin A gene expression. The salient results have been reproduced in both murine and human SMC cultures and in vivo using overexpression of APOE in mice.
Figure 7
Conserved effects of APOE on Cox-2 expression in human and mouse SMCs and mice. (a) Quiescent mouse aortic SMCs were treated with 10% FBS in the absence or presence of 50 µg/ml HDL, 50 µg/ml LDL, 2 µM APOE or 2 µM APOA-I. Changes in the levels of Cox-1, Cox-2, and GAPDH (loading control) mRNAs were determined by RT-PCR and analyzed using NIH Image 1.63 software. (b) Cell lysates made from serum-starved aortic SMCs stimulated with 10% FBS in the absence and presence of 2 µM APOA-I or APOE were immunoblotted using anti-Cox-2 and anti-cdk4 (loading control). Human aortic SMCs (HSMC) were grown to near confluence in 150-mm dishes, serum starved for 48 hours in defined medium, and then directly stimulated with 10% FBS in the absence or presence of 2 µM APOE or 2 µM APOA-I. Changes in the levels of Cox-2 mRNA (c) and protein (d) were determined as in a and b, respectively. Cell lysates were also made from serum-starved human aortic endothelial cells (HAEC) stimulated with 2 µM APOA-I or APOE, and the levels of Cox-2 protein were determined by immunoblotting (d). (e) C57BL/6 mice were injected with adenoviral constructs expressing APOA-I, APOE, or null vector. Total RNA was isolated from the aortae and reverse transcribed into cDNA. Changes in the levels of Cox-1, Cox-2, and GAPDH mRNA were determined as outlined in Methods.
Ishigami et al. have reported that APOE inhibits PDGF-mediated S-phase entry by inducing iNOS (30) and inhibiting the expression of cyclin D1 mRNA (4) . In our studies, however, APOE did not affect cyclin D1. Moreover, NOS inhibitors (L-NAME and AG, nonselective and NOS2-selective inhibitors, respectively) did not prevent the antimitogenic effect of APOE even though they effectively reversed the antimitogenic effect of the NO donor SNP (data not shown). Other studies have indicated that the antimitogenic effect of APOE involves heparan sulfate proteoglycans and that the C-terminal heparin-binding domain of APOE binds to heparan sulfate proteoglycan (2, 5) . In contrast, we find that the antimitogenic effect of APOE is contained within the N-terminal receptor-binding domain of APOE. Although the basis for these apparently discrepant results is not completely clear, it may well reflect our use of a more broad-based mitogen (serum) rather than PDGF or bFGF (2, 5) ; the mitogenic effects of these growth factors require heparan sulfate proteoglycans as coreceptors (31) .
Mammalian Cox exists as two isoforms, Cox-1 and Cox-2 (32) . These isoforms are produced by separate genes but are structurally homologous (33) . Others have reported that Cox-2 levels and prostacyclin production are increased by HDL in aortic SMCs and endothelial cells (34, 35) , and the results shown here indicate that this effect of HDL is mediated by APOE. Interestingly, Cox-2 production has been linked to inhibition of cell proliferation in several different cell types, including myofibroblasts, fibroblasts, SMCs, and epithelial cells (14, 36, 37) . It is important to emphasize, however, that Cox-2 has also been associated with stimulation of cell proliferation and transformation in epithelial cells (38, 39) . Thus, there are likely to be diverse consequences of Cox-2 production depending on the cell type-specific expression of downstream syntheses.
Increasing evidence demonstrates that Cox-2 expression is not limited to sites of inflammation, but that it is differentially regulated in various cell types (40, 41) and plays an important role in vascular homeostasis (42) . Prostacyclin, a dominant product of Cox-2 in humans (43) , is the major Cox product of macrovascular endothelium (44) . It is thought to protect against arterial thrombosis by modulating the biological effects of thromboxane A2 on platelets and vascular function (14) . In addition to its effects on platelet function and vascular tone (45) , prostacyclin also modulates the release of tissue plasminogen inhibitor (46) and cholesterol efflux (47) . The results shown here indicate that both HDL and APOE can exert antimitogenic effects on vascular SMCs via Cox-2 and activation of IP-dependent signaling pathways. This novel mechanism may well contribute to the antiatherogenic effects of HDL and APOE and could lead to new approaches for the prevention of cardiovascular disease. Suppression of this HDL effect might also be a part of the spectrum of cardiovascular hazards presented by Cox-2 inhibitors (14, 48, 49) .
